Crystal nucleation is important to control the product properties in industrial crystallization processes. To investigate crystallization phenomena, methods which rely on microscopic volumes have gained relevance over the last decade. Microfluidic devices are suitable for carrying out crystallization experiments based on a large set of individual droplets in the nanoliter range. In this work, we propose a simple method to manufacture such devices from polycarbonate as an alternative to conventional chips made of poly (dimethylsiloxane). The microfluidic device consists of two main functional parts: A T-junction for droplet generation and a section for storage and observation of up to 400 individual droplets. Using these manufactured devices, it is easy to produce and store highly monodisperse droplets of substances that require either a hydrophilic or hydrophobic surface of the microchannel. Since crystal nucleation is a stochastic process which depends on the sample volume, a reproducible droplet volume is of great importance for crystallization experiments. The versatile applicability of the manufactured devices is demonstrated for substances which are used in different crystallization applications, for example, solution crystallization (aqueous potassium nitrate solution) and melt crystallization (ethylene glycol distearate). Finally, we demonstrate that the manufactured microfluidic devices in our experimental setup can be used to conduct crystal nucleation measurements. Based on these measurements we discuss our results with respect to state-of-the-art nucleation models.
Introduction
Crystallization in small sample volumes is important for a variety of industrial crystallization processes (e.g. emulsion crystallization processes [1] [2] , flashcrystallization [3] ). A powerful method to investigate crystallization phenomena in discrete volumes is microfluidics [4] . Microfluidics, for example, has been widely used in the field of protein crystallization [5] - [12] . Furthermore, this technique has been used as a tool to perform crystallization experiments in the field of solution crystallization [9] [13] [14] [15] [16] . Since crystal nucleation in small volumes is a stochastic process, experiments have to be carried out on a large set of independent "microreactors" [17] [18] [19] . Using the classical droplet method, these microreactors are represented by independent microdroplets. A reproducible droplet volume and a high level of monodispersity of the micro droplets is an essential condition for kinetic measurements, as crystal nucleation can be influenced by droplet volume. The continuous phase needs to preferentially wet the channel walls throughout the dispersed phase so that the microfluidic device can form droplets. Partial wetting of the channel walls in the dispersed phase would lead to instable droplet generation [20] . This can be overcome by adjusting the wetting properties of the channel walls either hydrophobically or hydrophilically. Under these conditions, contact between the dispersed phase and the channel walls is prevented due to a thin layer of the continuous phase [21] [22] . Since the channel walls may act as active nucleation centers, this is also of great importance regarding crystal nucleation experiments.
The choice of the material is of crucial importance in the fabrication of microfluidic devices, since the properties of the material influences both the fabrication process and the application of the device. A wide range of materials, such as glass, steel, poly (methylmetacrylate) (PMMA), polycarbonate (PC), poly (dimethylsiloxane) (PDMS), polytetrafluorethylene (PTFE) or polyolefine have been used for the fabrication of microfluidic chips [23] [24] . A key material in the production of microfluidic devices is PDMS. The main advantages of this material are, for example, low cost, optical transparency in the UV-visible regions, chemical inertness and flexibility [25] [26] .
However, PDMS also has some disadvantages which limit its application to aqueous reactions due to its very low resistance to organic solvents [27] . One major drawback is that PDMS swells when in contact with certain substances (e.g. hexadecane, silicone oil and toluene) due to its porous nature. This can lead to a significant deformation of the channel geometry [28] [29] . Consequently, hydrodynamic flow conditions may change with increasing contact time between the solvent and the microfluidic chip. Thus, reproducible droplet generation and droplet volume can be affected.
An alternative material is PC, which has already been used for microfluidic experiments by some research groups [12] [30] [31] . The benefits of this material lie in its low moisture absorption, good machining properties, transparency in the visible range, biocompatibility and high glass transition tempera-
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ture (T g ≈ 148˚C) [20] [32] [33] . Furthermore, swelling problems, which are known to occur with PDMS devices when silicone oil is used [29] , can be avoided with microfluidic devices made of PC. Since silicone oil offers some great advantages as a carrier fluid for the generation and storage of microdroplets containing an aqueous phase (e.g. chemical inertness, low cost compared to fluorocarbon oils, a wide variety of different viscosities are available), PC is particularly interesting for crystal nucleation measurements of aqueous solutions and water droplets. Polycarbonate also enables microfluidic crystallization experiments on organic melts (e.g. hexadecane) [34] without deformation of the microfluidic geometry due to swelling.
To the best of our knowledge, the advantages of PC mentioned above have not been used for the investigation of crystal nucleation. In this work, we use a simple method to produce microfluidic devices from PC as an alternative to conventional chips made of PDMS. These devices can produce and store highly monodisperse droplets for substances that require hydrophilic or hydrophobic surface wetting properties without the need for sophisticated apparatuses. As the capability of reproducible droplet formation is of great importance for crystallization experiments on a large set of individual microdroplets, we also show that our microfluidic setup is suitable for stable droplet formation. Furthermore, we demonstrate that the microfluidic devices produced by this method can be used to conduct crystal nucleation measurements under well-defined conditions. The versatile applicability of the manufactured devices is demonstrated for substances which are used in different crystallization applications, for example, solution crystallization (aqueous potassium nitrate solution) and melt crystallization (ethylene glycol distearate). Finally, we discuss different nucleation models applied to our experimental data.
Materials and Methods

Materials and Reagents
Fabrication of chips
Microfluidic channels were fabricated in PC slabs (Makrolon 
Fabrication of Polycarbonate Chip
We designed the geometry of the devices by means of computer-aided design 146˚C for 2 h in a circulating air oven (Memmert, Germany). During this process, the chip blanks and the foil were pressed together between two glass plates under constant pressure by using four brackets. The sealed chip was removed from the oven as soon as the latter had cooled to approximately 80˚C.
Finally, commonly available 800 μm metal cannulas (Braun, Germany) equipped with silicon sleeves were used as in-and outlets of the microfluidic device.
Surface Modification and Characterization
Hydrophobic and hydrophilic surface modification of the microfluidic device was carried out by methods described elsewhere in detail [20] [32]. Hydrophobic were cleaned with isopropyl alcohol and deionized water. Immediately after cleaning, deionized water was placed on the surface of the samples by using a syringe and its static contact angles were measured at least three times. The topographic property of the microchannel surface was characterized by scanning electron microscopy (Leo Evo 50, Carl Zeiss, Germany) and measured by confocal white light microscope (NANOFOCUS µSURF, Nanofocus, Germany). The arithmetic average of the arithmetical mean roughness value R a and the total height of the roughness profile R t was computed after filtering and separating high-and low-frequency components to specify the surface roughness.
Experimental Setup and Chip Design
The device is integrated into the experimental microfluidic setup to perform crystallization experiments. The setup consists of a CCD camera (pco.edge 5.5, PCO AG, Germany) coupled to a stereo microscope (SZ61, Olympus), a box with two syringe pumps (CETONI, Germany) thermostatted by a heating fan (LE Mini Sensor, Leister Technologies, Germany) and a temperature control unit (see Figure 1 (b)) for the microfluidic device, as illustrated in Figure 1 (a).
Supersaturation can be built up quickly by cooling the microfluidic device using a Peltier element (QUICK-OHM Küpper, Germany) to induce crystallization.
An aluminum slab with a thickness of 2 mm covered with a heat conductive foil (KERAFOL, Germany) is placed between the Peltier element and the microfluidic device to avoid small temperature gradients. Since the exhaust heat of the Peltier element needs to be removed, the Peltier element is placed on a thermostatted aluminum block. During crystallization experiments, this block is kept at a (1), (2)), channel to insert a thermocouple (3), one outlet (4), the T-junction for droplet generation (marked by dotted line) and the storage area (marked by dashed line); (b) image of a fabricated microfluidic chip.
constant temperature by using a thermostat (LAUDA, Germany).
A schematic illustration and a photograph of a fabricated microfluidic chip are shown in Figure 2 The precise knowledge of the temperature close to the storage channels is of great importance for crystallization experiments based on cooling crystallization.
Therefore, thin thermocouples (d = 500 μm, Electronic Sensor, Germany) are situated in and below the microfluidic device. Consequently, the actual temperature in the storage area can be estimated by assuming stationary heat transfer.
Results and Discussion
Our microfluidic device meets several requirements for crystal nucleation experiments based on cooling crystallization: i) Well-defined chip geometries and a smooth surface of the microchannel after fabrication to perform crystallization experiments as specified; ii) a stable surface modification to enable the production of oil-in-water or water-in-oil droplets and to prohibit interactions between the droplets and the channel walls that can otherwise influence crystallization;
iii) production of almost monodisperse droplets with small derivations at dif- 
Characterization of the Microfluidic Device
Thermal bonding was applied to seal the microfluidic device with a cover foil after milling. This easy-to-use method can cause strong shape distortion of the channel geometry in comparison to chemical or adhesive bonding methods [24] .
Therefore, we checked the shape of the channels by imaging clean-cut cross sections. Figure 3 shows the cross section of the chip before and after bonding. No significant shape dislocation is apparent. Obviously, the rectangular cross section is preserved during the bonding process. The positive connection between the cover foil and the PC slab is apparent in Figure 3 0.1 µm (mechanical polishing), the surface roughness R a measured is acceptable [35] .
The results obtained are supported by SEM micrographs (see Figure 5 ). Small irregular elevations at the surface of untreated PC, probably caused by the milling process, were visible. A different surface structure was found after hydrophobic modification (see Figure 5(b) ). A high number of small ruptures occurred in a characteristic pattern, probably aligned in the direction of flow. Observations of [20] showed a different, more irregular surface structure. In contrast to our work, the surface of modified PC slabs was examined instead of milled microchannels. Changed surface properties due to the milling process and different flow conditions during surface modification could be a reasonable explanation. A flaky structure with extended cracks was found for hydrophilic PC. Comparing the images, a greater roughness of hydrophilic microchannels seems reasonable.
The most crucial aspect of surface modification is the adjustment of the wettability and, thus, the qualification for stable droplet production and storage.
Both, the generation and storage of stable oil-in-water and water-in-oil droplets is not possible with untreated PC [20] . Partial wetting of the channels walls or separation of the two phases occurs. The advantage of PC as a chip material is the flexibility to shift the wettability in both directions by established and easy-to-use methods. We checked the successful application of these methods on PC slabs. The determined contact angles of water droplets are shown in Figure   6 . The contact angle changes from 84˚ for untreated PC to 125˚ after hydrophobic modification. Consequently, the continuous silicone oil phase wets preferentially the channel walls and aqueous droplets will form (see Figure 7 (a)).
After hydrophilic modification the contact angle is 46˚. Thus, the oil acts as dispersed phase and water as continuous phase (see Figure 7(b) ). Furthermore, we D. Selzer et al. 
Droplet Generation
Precise knowledge of the droplet volume is a crucial requirement in microfluidic experiments to determine crystal nucleation kinetics based on the classical droplet method. As crystal nucleation kinetics derived by means of the classical droplet method rely on a statistical analysis, a large set of droplets (microreactors) with a high degree of monodispersity is required.
In our work, droplets were generated via a T-junction by injecting the dispersed and continuous phase through the inlets of the microfluidic device (see Figure 7 ). Flow rates were accurately (less than 1%) controlled by two programmable syringe pumps (CETONI, Germany). The chip was kept above the liquidus temperature of the aqueous KNO 3 solution (T eq = 35˚C) at 40˚C and above the melting temperature of EGDS (T melt = 60.5˚C) at 70˚C during the droplet generation process to avoid clogging of the channels.
It is possible to count the number of droplets N d produced in a certain time τ elapsed between the first and last droplet in a recorded video sequence by recording a video sequence of the droplet generation process with a CCD camera.
The mass of the dispersed phase injected by the syringe pump equals the sum of the mass of the droplets generated. Following this, the average droplet volume can be easily calculated as
One important benefit of this method is that knowledge of the droplet and from the dimensions of a droplet or the channel geometry [36] . analysis software (ImageJ) to check the monodispersity of the generated droplets. Small deviations of less than 5% were found.
Crystallization Experiments
We performed crystallization experiments for both aqueous KNO 3 droplets in silicone oil and EGDS droplets in water to demonstrate the versatile usability of the microfluidic device for crystallization nucleation measurements. Up to 400 droplets were generated, as explained previously, with flow rate ratios of Once a sufficient number of droplets was stored, the flow was stopped and the microfluidic device was cooled to the crystallization temperature T cryst desired.
After approximately 60 s, the final, isothermal temperature and, therefore, su-
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persaturation was achieved and kept constant during the remaining experiment.
First crystals can already be observed in the droplets during the cooling process at the conditions given. In the case of the aqueous KNO 3 droplets, KNO 3 crystals grow in the solution after nucleation until supersaturation is depleted. A detailed image of a KNO 3 crystal is depicted in Figure 9 (a). In contrast to KNO 3 , the whole EGDS droplet crystallizes after crystal nucleation occurred in the organic wax phase. This process only takes a few seconds (see Figure 9(b) ).
The photographs in Figure 10 show EGDS droplets in water. The photographs show a section of the storage area of the microfluidic device after different experimental times. The following models were applied to fit the experimental data: a single nucleation rate model (blue dotted line, Equation (2)), a Weibull model (green dashed line, Equation (3)) and the model of Pound and La Mer (red solid line, Equation (4)). Journal of Crystallization Process and Technology
As an example, the time evolution of this value is depicted in Figure 10 for aqueous KNO 3 droplets in silicone oil at T cryst = 15.3˚C (Figure 10(a) ) and EGDS droplets in water at T cryst = 54.7˚C (Figure 10(b) ). Solubility data for the solute solvent system KNO 3 /H 2 O was derived by using a correlation from [37] . A similar trend can be found for both substances at the experimental parameters given. With proceeding time, the fraction of uncrystallized droplets decreases.
However, after a steep decay in the first 500 s, the number of uncrystallized droplets decreases much more slowly at the end. We repeated the experiments several times. No significant change of the crystallization behavior was visible.
To describe and interpret the experimental data obtained, three different models from literature were used to fit the experimental data (see Figure 10 ): i) a model with a single nucleation rate [38] , ii) an exponential of a power law (Weibull function) [39] and iii) the model of Pound and La Mer [40] . The corresponding equations are listed below.
ii)
The first model assumes that the nucleation rate k is constant over time t and identical in all droplets, e.g. purely homogeneous or heterogeneous nucleation.
In the Weibull model the nucleation rate is changing over time and is given by well. Especially, considering that the Weibull model has just two parameters. So, none of these two models can be discarded and their explanations may be valid to explain droplet nucleation in our cases. The fit parameters for the models from Equations (3) and (4) are summarized in Table 1 . Relating the fit parameters (k, k 0 ) of Equation (4) heterogeneous nucleation centers which are randomly distributed inside of the droplets. Following the work of Pound and La Mer [40] , the second slope could be attributed to homogeneous nucleation. However, other microfluidic studies showed that some kind of heterogeneous nucleation is more likely to be the underlying nucleation mechanism [9] [11]. Further investigation is necessary to gain evidence of the active nucleation mechanisms and is currently in progress.
Conclusions
In this paper, the suitability of a simple generic microfluidic tool for investigating crystallization is demonstrated. As microfluidic devices to conduct crystallization experiments are mainly made of PDMS, this polycarbonate based tool can be seen as an alternative. Since PC is a material with good machining properties, we proofed the fabrication of well-defined microfluidic devices with a high flexibility in chip geometry by using a milling machine. Examination of the channel surfaces with electron microscopy and a noninvasive optical method showed that the surface roughness is in the same magnitude as materials used in common crystallization apparatuses.
Another benefit of PC is that reliable surface modification can be achieved easily. As the successful droplet generation depends strongly on the surface wetting properties of the microfluidic device, this allows for the generation of droplets of both substances which require hydrophobic or hydrophilic surface properties. In our work, we demonstrated the controlled segmentation of aqueous KNO 3 solution and EGDS in highly monodisperse droplets using a T-junction.
No significant change in droplet generation and volume was noticed over several sets of experiments using the same microfluidic device.
The suitability of this setup to investigate crystal nucleation for various applications was shown by means of cooling crystallization experiments on aqueous KNO 3 solution and EGDS. To this end, the induction time of each individual crystallization event during the experiments was determined using image analysis software. From this data, we derived the evolution of the fraction of uncrystallized droplets over time. Thus, using this experimental setup, the influence of different conditions, for example, temperature, on crystal nucleation can be examined. Further, it is possible to derive nucleation kinetics and examine underlying mechanisms.
With respect to our results, we believe that our approach extends the common microfluidic methods and enables new opportunities to investigate crystallization.
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